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In  the  main,  the  physical  study  of  acoustics  is  the  study 
of  a  compressional  wave  in  a  three  dimensional  medium.  Strictly 
speaking,  however,  it  is  not  possible  to  observe  directly  the  wave 
in  the  medium.  Our  present  knowledge  of  a  wave  is  based  almost  en¬ 
tirely  on  the  observation  of  phenomena  occurring  at,  or  caused  by,  a 
discontinuity  in  the  medium,  and  the  behaviour  of  the  wave  in  the 
medium  is  deduced  frcan  the  facts  so  ascertainedo 

In  illustration  it  is  enough  to  point  out  that  sound  waves 
universally  seem  to  be  started  at  a  discontinuity  and  detected  by  a 
discontinuity.  The  outstanding  exception  is  the  observation  of  the 
progress  of  a  compressional  wave  by  the  change  of  refractive  index, 
as  in  the  well  knom  spark  experiments  of  Teepler,  Wood  and  others. 

But  the  phenomena  of  reflection,  refraction  and  diffraction  are  all 
produced  by  a  discontinuity  existing  in  an  otherwise  homogeneous  medium, 
A  discontinuity  may  be  caused  by  any  one  of  a  number  of 
materials,  each  of  which  may  possess  different  geometrical  shapes. 

Hence  it  is  essential  that  a  systematic  study  be  made  of  the  effect 
of  progressive  variations  in  the  material  and  in  the  shape  of  the 
material,  if  for  no  other  reason  than  the  facilitating  of  the  study 
of  the  wave  itself. 

At  first  glance  it  would  seem  that  the  simplest  case  for 
both  theoretical  and  experimental  investigations  would  involve  a  plane 
wave  incident  on  a  plane  interface  between  two  media,  each  extending  to 
infinity  in  opposite  directions,  A  theory  for  this  case  has  been 
developed  by  Poisson,  Green  and  Raylei^.^ 
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In  the  case  of  ultrasonic  waves,  Boyle  and  Reid^  made  ap¬ 
proximate  measurements  of  the  ratio  of  reflected  to  incident  inten¬ 
sity  for  marble,  limestone  and  steel  reflectors  of  ultrasonic  waves 
in  water,  but  the  precision  of  the  experiments  was  not  sufficient  to 
constitute  a  verification  of  existing  theory.  A  plane  wave  incident 
on  a  plane  partition  of  finite  thickness  is  simpler  than  the  above 
case  but  beset  with  much  greater  theoretical  difficulties.  One 
out  of  many  of  these  unsolved  problems  arose  out  of  the  above  work  by 
Boyle  and  Reid.  They  found  that  for  a  certain  angle  a  large  propor¬ 
tion  of  sound  energy  passed  throu^  a  thin  steel  plate.  Rayleigh 
has  developed  an  expression  for  transmission  by  thin  plates  at  angles 
of  incidence  greater  than  the  critical  angle,  but  the  theoretical 
results  are  not  in  accord  with  Boyle  and  Reid*s  experiment. 

The  present  investigation  is  divided  into  three  parts,  viz. 

Part  I.  On  energy  reflections  and  transmissions  at  perpen¬ 
dicular  incidence,  this  being  a  continuation  of  former  work  by  Boyle, 
Lehman  and  Froman; 

Part  II.  The  main  part  of  this  report,  on  transmission  by 

thin  plates  at  oblique  angles  of  incidence; 

•fc  n  s 

Part  III.  Ultrasonic  tycmovibration  in  bars  and  sheets® 
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PART  I. 


A  related  body  of  theory  outlined  by  Rayleigh^  has  been 
verified.  This  outline  indicated  a  mathematical  procedure  in  the 
case  of  a  plane  faced  partition  of  finite  thickness,  for  angles  of 
incidence  less  than  the  critical  angle  if  a  critical  angle  existed; 
and  it  found  expressions  for  the  ratio  of  reflected  and  transmitted 
energy,  in  terms  of  the  respective  densities  and  elastic  constants 
of  the  two  media,  the  thickness  of  the  partition,  and  the  angle  of 
incidence » 
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Boyle  and  Rawlinson  expanded  Rayleigh’s  condensed  proof  and 
arrived  at  some  detailed  conclusions  submissible  to  experiment.  Using 
the  symbols  employed  by  these  latter  workers,  the  ratio  of  transmitted 
to  incident  energy  for  any  angle  of  incidence  less  than  the  critical 
angle,  should  one  exist,  is  given  by_^ 

a.  ilLP 

_  _ _ •^coseo  COS  _ — 

^  ^  /O  Vcos  CosG  \  2. 

Where  A^  a  Incident  energy  intensity 

E2  w  Transmitted  energy  intensity 

a  Thickness  of  partition 

9  Wavelength  in  the  material  of  the  partition 
^  «  Angle  of  incidence 
S  Angle  of  refraction 
«  Density  of  propagating  medium 
/O,  m  Density  of  the  material  of  the  partition 
^  a  Velocity  in  the  propagating  medium 
l/  m  Velocity  in  the  partition 
The  ratio  of  reflected  to  incident  energy  is  given  by 

^/O  VcosB,  __  /O^i/^Cos^ 

3^  _  _ _  ^ CgsS  yO  eos  ^  _ 

^  ^  f  2, 
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From  (II)  it  may  be  seen  that  there  is  in  general,  minimum 

cot  2.  7/^  Cos^. 

reflection  and  maximum  transmission  when - r  *  3 


or  when  i das  3  a7  A  ,  ^  3.^71 


or  when 


This  may  be  illustrated  by  the  theoretical  curve  Fig.  I 
given  as  an  example  by  Boyle  and  Rawlinson  for  the  case  of  a  plate  of 
type-metal  3/£Athick,  in  water. 

It  should  be  noted  that  the  theoretical  curve  must  termin¬ 
ate  at  the  critical  angle,  for  on  the  assumption  made  in  the  derivation 
of  the  expression^  total  reflection  occurs  at  that  angle  of  incidence 
and  — ^  :s  0^  for  all  greater  incident  angles.  By  a  modification 
of  the  above  theory,  Rayleigh  showed  that  for  a  platd  which  is  thin 
in  comparison  with  a  wave  length,  some  energy  should  be  transmitted 
even  for  angles  of  incidence  greater  than  the  critical  angle.  This 
theory  will  be  discussed  later  and  will  be  shown  to  be  inadequate  to 
explain  the  results  of  the  present  investigation  in  Part  II. 


For  normal  incidence,  (9,  Si  9  a  0 

,  z-nd 


and  (1)  reduces  to 


III 


while  (II)  reduces  to  ^ 


It  should  be  noted  that  it  follows  fraa  (IV)  that  the 
reflected  energy  is  minimura  and  the  transmitted  energy  is  maximimi 


for 


where  m  a  1,  2,  3,  etc. 


It  is  apparent  from  (III)  that  there  are  two  ways  of 


changing  E^/A^  for  a  given  material.  One  is  to  change  ^ by  using 
a  different  thickness,  Method  A;  the  other  is  to  keep  the  thick¬ 
ness  constant  and  vary  A  by  changing  the  frequency  Method  B*  The 
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most  practical  method  of  testing  the  theory  by  means  of  the  experimental 
facilities  available  in  this  laboratory  is  a  combination  of  the  two 
modes  of  procedure.  The  application  of  the  variable  thickness  method 
(A)  is  limited  by  virtue  of  the  fact  that  it  would  be  necessary  to  make 
a  series  of  plates  of  gradually  increasing  thiclmess,  each  one  larger 
than  the  one  before  by  1  5^  in  order  to  obtain  1  %  accuracy.  This  is 
tedious  and  hardly  practicable.  On  the  other  hand,  the  variable  fre¬ 
quency  method  (B)  is  lii^ted  by  the  restricted  range  of  frequencies 
available  with  the  ordinary  type  of  resonant  ultrasonic  generator  which 
must  be  used  as  sources  of  the  waves.  Hence  the  following  was  the 
general  procedure  here  adopted. 

‘I'he  ratio  E^/A^  was  determined  for  a  series  of  plates  of 
gradually  increasing  thickness  keeping  the  frequency  constant.  The 
plate  showing  maximui^  transmission  was  then  chosen  for  further  experi¬ 
ment.  In  general,  this  plate  would  not  be  an  exact  multiple  of  /^/2 
in  thickness;  but,  from  the  sharpness  of  the  maximum  peak  of  the  trans¬ 
mission  curve,  it  could  be  discovered  that  the  plate  very  nearly  ful¬ 
filled  this  condition.  Using  this  plate,  a  slight  variation  in  fre¬ 
quency  in  the  right  direction  should  result  in  a  further  increase  in 
the  transmission  ratio.  The  precise  experimental  method  of  finding 
the  frequency  at  which  this  rise  occurs  will  be  described  later. 

The  theoretical  results  quoted  above  are  of  much  practical 
interest  and  importance.  On  the  eiqjerimental  side  there  is  a  great 
difficulty  in  carrying  out  quantitative  work  on  the  problem  ajr  audible 
frequencies,  and,  until  recent  years,  the  lack  of  suitable  sources  and 
receivers  prevented  satisfactory  experimental  work  at  high  frequencies. 
Thus  no  experimental  verification  of  the  theory  by  Rayleigh  and  his 
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contemporaries  was  possible  or  attempted*  To  note  only  one  of  the 
numerous  difficulties  attendant  upon  the  use  of  low  frequencies,  con¬ 
sider  the  dimensions  of  the  platd  required  when  using  the  frequency  of  midd 
middle  C,  256^sec.  In  order  to  determine  the  transmission  for  a  par¬ 
tition  of  type-metal,  say  1*8>  in  thickness,  i.e*  more  than  three  half 
wave-lengths,  a  plate  16  metres  thick  would  be  required;  and  such  a  plate 
ought  to  be  in  area  at  least  250  metres  square.  But,  using  an  ultra¬ 
sonic  frequency  of  308 , 000 '^^/sec . ,  a  plate  of  the  same  material  as  thin 
as  1.4  cms.  and  23  cms.  square  would  serve  quite  well.  Hence  it  may 
readily  be  seen  that  the  development  of  the  ultrasonic  beam  transmitter 
and  the  convenient  use  of  the  torsion  pendulum  by  means  of  which  either 
relative  or  absolute  measurements  of  ultrasonic  intensity  could  be  made, 
opened  up  a  new  region  of  experiment  in  acoustics  and  wave  motion  in 
general.  A  class  of  experiments  involving  apparatus  of  the  order  of  a 
wavelength,  feasible  neither  in  sound,  owing  to  the  great  length  of  audible 
sound  waves,  nor  in  light,  owing  to  the  extreme  shortness  of  light  waves, 
could  now  be  readily  performed  using  ultrasonic  waves  of  the  order  of  a 
millimeter  to  several  centimeters  in  length. 
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EXPERIi'ylEM'AL 
Method _ A. 

/  In  1922,  Boyle  and  Lehmann^  tested  the  theory  outlined  above  for 

normal  incidence,  varying  the  thickness  of  the  partition.  The  ultrasonic 

y' 

method  employed  was  ingoa-ieua  and  simple.  By  making  the  reflecting  par¬ 
tition  in  the  form  of  the  vane  of  a  torsion  pendulum  the  partition  itself 
was  made  to  indicate  the  ratio  of  reflected  to  incident  energy,  as  the  re¬ 
sultant  radiation  pressure  on  such  an  obstacle  is  equal  to  the  difference 
in  energy  density  on  its  two  sides.  To  test  the  theory  it  was  simply 

necessary  to  suspend  pendula  vanes  of  various  thicknesses,  but  of  the  same 
area,  in  an  ultrasonic  beam  propagated  in  water,  and  plot  a  curve  of  pen¬ 
dulum  readings  against  • 

It  should  be  noted  that  in  the  case  of  a  metal  pendulum,  the  de¬ 
flection  is  proportional  to  the  difference  in  energy  density  on  each  side 
of  the  reflecting  vane.  Expressed  mathematically,  the  deflection 
d  a  k(A2  b2  -  l2)^  where  K  is  a  constant 
But  a2  ss  +  e2 
Substituting, 

d  «  K(B^  +  -pB^  -  E^)  3  2kB2 

Hence  the  deflection  is  proportional  to  the  reflected  energy. 
But,  in  the  case  of  the  deflection  of  the  pendulum  by  the  energy  passing 
through  the  plate,  d  kE^,  so  the  curves  obtained  in  the  two  cases  by 
plotting  d  against  shoiiLd  be  complementary.  That  such  is  the  case 
may  be  seen  by  referring  to  Figs.  Ill  and  IT,  ^age  ),  which  were  ob¬ 
tained  experimentally  in  the  course  of  this  investigation. 

re 

In  1923  Boyie  and  Lehmann  measured  the  -actual  intensity  of  the 
energy  of  an  ultrasonic  beam  transmitted  normally  throuigh  metal  and  other 
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plates  of  thicknesses  in  various  ratios  to  a  wave-length.  These 
hitherto  unpublished  results  are  related  to  the  present  investigation, 
and  as  pennission  has  been  kindly  granted  by  the  authors,  they  will  be 
included  in  this  report, 

A  light  wooden  framework,  annular  in  shape,  supported  the 
experimental  plate  in  a  large  tank  of  water  through  which  the  ultrasonic 
beam  was  projected.  This  tank,  which  has  already  been  described  ,  was 
15  ft,  long  by  5  ft.  wide,  by  S  ft.  6in,  deep.  The  diameter  of  the 
circular  aperture  of  the  framework  was  just  less  than  12  inches,  end 
when  open  the  ultrasonic  beam  could  pass  centrally  through  the  aperture 
at  right  angles  to  its  plane.  The  aperture  could  be  closed  by  the  experi¬ 
mental  plate,  which  was  12  inches  square,  using  the  plate  as  a  shutter, 
and  taking  care  to  keep  it  accurately  perpendicular  to  the  beam. 

Observations  of  energy  intensity  were  made  by  means  of 
an  appropriately  designed  torsion  pendulum,  suspended  on  the  axis  of  the 
beam  not  far  fraa  the  framework  on  the  side  remote  from  the  ultrasonic 
transmitter.  When  the  apertvire  was  open  the  reading  of  the  torsion 
pendulum  gave  a  measurement  of  the  incident  energy  within  the  required 
limit  of  accuracy;  when  it  was  closed  by  the  plate  all  other  conditions 
being  the  same,  the  reading  gave  a  measurement  of  the  energy  transmitted 
through  it. 

Hence  the  ratio  of  transmitted  to  incident  energy  at 
various  frequencies,  could  easily  be  ascertained.  There  were  some  re¬ 
flections  of  energy,  of  course,  from  the  wooden  framework  supporting 
the  plate,  and  these  would  interfere  somewhat  with  the  incident  beam, 

For  this  reason  the  experimental  arrangement  is  not  considered  to  be 
as  good  or  as  accurate  as  the  one  used  presently,  viz,  suspension  of 
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the  plate  in  the  path  of  the  beam  by  means  of  thin  wires  hanging  from 
top  supports. 

The  procedure  of  an  experiment  was  to  measure,  by  means 
of  the  torsion  pendulum,  the  energy  emission  through  the  circular  aper¬ 
ture,  both  with  and  without  the  plate  shutter,  over  a  range  of  frequencies 
including  that  particular  frequency  for  which  the  plate  was  one  half  wave 
length  thick.  Corresponding  curves  of  energy  transmission  through  the 
plate  were  plotted  on  a  frequency  base.  From  the  curves  the  ratio  of 
transmitted  to  incident  energy  could  be  found  for  any  frequency  within 
the  range  of  the  experiment.  If,  as  according  to  the  theory,  there  is 
maximum  transmission  when  the  plate  is  exactly  one  half  wave  length  thick, 
this  ratio  should  be  markedly  increased  at  the  exact  frequency  which 
makes  the  shutter  a  half-wave  plate.  Experimentally  this  was  shown  to 
be  the  case.  As  the  frequency  was  increased  and  the  appropriate  half 
wave  length  was  approached  the  transmitted  to  incident  energy  ratio  rose, 
and  fell  again  where  this  appropriate  frequency  was  exceeded.  With 
plates  of  metals  and  of  glass,  the  rise  and  fall  in  the  ratio  was  quite 
sharp,  but  less  shapp  in  materials  like  wood  and  stone.  Most  of  Boyle 
and  Lehmann’s  experiments  were  performed  with  steel  plates,  but  there 
were  a  few  experiments,  using  other  materials,  viz.  lead,  glass,  marble 
and  wood*  Their  results  are  included  here  in  Table  I.  The  ultrasonic 
generator  used  in  their  experiments  was  one  of  the  double  steel  plate 
(2  quarter  wave  plates)  type,  with  6  inch  diameter  of  radiating  face. 

It  was  set  up  about  164  cms.  from  the  measuring  pendulum,  and  projected 
its  emitted  beam  horizontally  in  the  tank.  The  usual  high  frequency 
voltage  imposed  on  the  generator  during  the  experiments  was  about  2000 
volts.  The  torsion  pendulum  used  was  of  the  single  vane  type  1.5  cms. 
in  diameter,  with  phosphor  bronze  strip  suspension  0.0025  inch  wide  and 
about  80  cms,  long* 
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TABLE  I 


Material  Temperature  Thickness  Frequency  for  Wave  Length  Vel.  of  Sound 


of 

Plate 


Maximum 

Transmission 


in 

Material 


Ueel 

14.70  c. 

2.15  cms. 

132000  ^^/sec . 

4.30  cms. 

5.68X 

Jteel 

13.2 

2.15 

263000  * 

4.30 

5.65 

1 

1  Jteel 

13.9 

2ol5 

129900 

4.30 

5.59 

i 

>teel 

13.2 

1.55 

185000 

3.10 

5.73 

Steel 

15.2 

1.55 

359000  ^ 

3.10 

5.56 

jead 

11.0 

0.814 

140700 

1.63 

2.29 

uead 

1 

12.3 

0.814 

140000 

1.63 

2.28 

11a  ss 

9.7 

0.992 

273000 

1.98 

5.42 

toirble 

9.7 

2.56 

64000 

5.12 

3.28 

iiaple  Wood 
{along  fibre) 

15.3 

2.66 

79500 

5.32 

4.23 

At  these  frequencies  there  were  second  transmission  maxima,  consequently 
the  plate  must  then  have  been  two  half  wave  lengths  thick. 
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It  is  of  interest  to  remark  that  it  was  observed  in 
Boyle  and  Lehmann’s  research  on  some  of  the  steel  plates  that,  when  the 
plates  were  in  the  condition  of  exact  resonance,  (i.e,  at  their  half-* 
wave-length  thickness)  with  the  frequency  of  the  impinging  waves  there 
was  a  suggestion  of  an  increased  intensity  of  the  energy  field  along  the 
axis  of  the  beam  at  some  distance  from  the  plate.  This  was  not  impossible, 
since  the  plate  was  then  acting  as  a  tuned  resonator  in  an  imposed  sound 
field.  It  is  hoped  to  undertake  a  special  research  later  to  investigate 
this  point  specifically* 


Method  B* 

In  1926*^2  7  Boyle  and  Fiomen  applied  the  change  of  fre-* 
quency  method  (B)  to  partitions  of  lead,  duraluminum,  and  paraffin.  Later 
in  1927,  Boyle  and  Sproule®  applied  both  the  pendulum  and  plate  method  to 
a  test  of  the  theory,  using  type  metal  as  e3q)eriment8l  material.  Type 
metal  was  chosen  because  the  ”mass  of  a  wave  length”  in  this  material 

was  less  than  in  most  materials  readily  available,and  therefore  the  experi*^ 
ments  with  it  were  speedier  and  less  irksome.  The  pendula  vanes  were 
made  2.5  cms.  in  diameter,  and  from  Q.228  cms.  to  0,518  cms.  thick.  These 
pendula  were  suspended  in  the  ultrasonic  beam  on  the  axis  by  a  phosphor 
bronze  wire  82  cms.  long  and  0.0025  in.  in  diameter.  Two  series  of  ob¬ 
servations  were  taken,  one  at  a  frequency  of  506,500  cycles/sec.,  the  other 
at  529,500  cycles/sec. 

A  pendulum  2.5  cms.  in  diameter  is  not  a  very  close  ap¬ 
proximation  to  a  partition  of  infinite  extent  as  postulated  by  theory. 
However,  results  obtained  by  placing  plates  25  cms.  square  in  the  path  of 
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the  beam  and  measuring  the  intensity  of  the  transmitted  beam  by  means 
of  an  air  vane  single  pendulxm,  indicated  that 

(a)  the  condition  of  a  partition  of  infinite  extent 
as  postulated  in  the  theory  is  satisfied  as  well  by  the  pendulum  vane 
as  by  the  comparatively  large  plates: 

(b)  both  cases  afford  substantiation  of  former  re¬ 
sults  and  verification  of  the  theory  for  normal  incidence. 

The  plates  used  in  method  A  ranged  in  thickness 
from  2.55  cms.  to  0.197  cms.,  and  were  suspended  normally  to  the  beam 
by  wires  hanging  from  top  supports,  at  a  distance  of  approximat^y  1.5 
meters  from  the  transmitter.  An  air  vane  pendulum,  described  else- 
where^O,  1.5  cms.  in  diameter,  was  suspended  on  the  axis  of  the  beam 
about  5  cms.  from  the  type  metal  plate  on  the  side  of  it  remote  from 
the  transmitter,  by  a  phosphor  bronze  strip  0.0015  in.  thick  and  67  cms. 
long.  As  in  the  case  of  Method  B,  series  of  observations  were  taken 
at  two  different  frequencies,  viz.  306,500  cycles/sec.  and  529,500 
cycles/seco 

The  proceeding  indicated  by  the  theory  for  the 
case  of  normal  incidence  was  followed  in  both  Method  A  and  Method  B 
experiments.  In  references  to  the  experimental  results  it  must  be 
kept  in  mind  that  whereas  an  increase  in  transmission  is  indicated 
by  a  rise  of  deflection  in  the  case  of  Method  B,  it  is  indicated  by 
a  decrease  in  deflection  in  the  case  of  Method  A. 

The  results  shown  in  Tables  II,  III  and  IV  were 
obtained  as  follows:  The  frequency  and  intensity  of  the  beam  were 


TABLE  II 


(Method  A) 


Pendula  of  varying  thickness  -  constant  frequency  .306500<Vsec 
Yi  taken  as  2.37  x  10^  cms./sec.  and  calculated  from  ^  A 


-e 

b2 

A^ 

B^/A^ 

,228 

40.0 

40.0 

1.00 

►  314 

39.0 

n 

.975 

,354 

33.5 

n 

.84 

,369 

23.0 

n 

.575 

,387 

19.5 

« 

.49 

,395 

U.O 

n 

.275 

,424 

27.5 

n 

.69 

,449 

37.5 

tt 

.94 

,518 

39.0 

tt 

.975 

,611 

39.5 

n 

.986 

v/..-  .  ,.:^e  x  S''  , 


tf 
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II 


n 
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TABLE  III.  (Method  A) 


Pendula  of  varying  thickness  -  constant  frequency  529500 '^/sec • 


taken  as 

2.37  X  10^  cms. 

sec •  and 

calculated  from 

1 

b2 

A2 

B®/a2 

.131 

38.7 

38.7 

1.0000 

.252 

•  197 

26.5 

38.7 

.940 

.440 

.211 

26.3 

38.7 

.680 

.470 

.221 

18.2 

38.7 

.470 

.493 

.228 

13.0 

38.7 

.336 

.508 

.233 

18.0 

38.7 

.405 

.520 

.239 

27.1 

38.7 

.698 

.533 

.251 

34.3 

38.7 

.890 

.573 

TABLE  IV  (a)  (Method  A) 


ites  of 

varying  thickness  -  constant 

frequency  308000  ^/sec, 

taken  as  2.37  x  10^ 

cma./sec.  and 

calsulated  from 

a2 

e2/a2 

ilh 

.199 

2 

200 

.010 

.258 

.3095 

7 

198 

.035 

.401 

.4034 

131 

198 

.660 

.522 

1.0940 

10 

198 

.050 

1.420 

1.1980 

34.5 

192 

.180 

1.550 

1.4070  3.5 

above  but  frequency 

198 

TABLE  lY  (b) 

at  306500  /sec 

.018 

• 

1.830 

a2 

E^/A^ 

,  .600 

•5 

196 

.0025 

.780 

.646 

4.3 

196 

.022 

.837 

.677 

7.0 

196 

.036 

.876 

.727 

10.5 

196 

.084 

.943 

.782 

140.0. 

196 

.714 

1.010 

.801 

44.5 

196 

.230 

1.035 

.902 

1.9 

196 

.009 

1.170 

1.002 

1.4 

196 

.007 

1.300 
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in  the  beam  the  ultrasonic  frequency  was  varied  by  small  intervals 
and  corresponding  deflections  noted  and  plotted.  Curve  (a)  Fig. 

V  was  obtained,  representing  kE2  against  frequency  (f).  The  plate 
was  removed  and  another  series  of  readings  taken  in  the  same  manner. 
Curve  (b)  was  plotted,  showing  kA^  against  f.  From  these  two  curves  a 
third  curve  (c)  was  obtained  representing  E^/A^  against  f.  The  peak 
of  this  curve  occurred  at  frequency  of  293600 ^/sec. ,  at  which  fre¬ 
quency  the  plate  must  have  been  an  exact  A/2.  From  this  V  was 
calculated  as  2.37  x  10^  cms./sec. 

In  a  similar  manner  velocity  detenninations  were 
made  for  the  plates  (Method  A)  and  pendula  (Method  B()  represented  in 
Table  V  and  V(a).  The  results  for  the  pendula  are  not  as  consistent 
as  the  results  for  the  plates  but  the  mean  values  of  velocity  are  in 
good  agreamenti  “perhaps  there  should  be  slightly  different  velocities 
in  the  pendula  vanes ^for  the  method  of  casting  the  pendula  and  their 
comparatively  small  size  made  for  rapid  cooling,  hence  internal  strains 
due  to  imperfect  annealing  could  be  set  up  in  the  vanes  with  a  consequent 
slight  change  in  their  elastic  qualities.  This  was  not  so  apt  to  be  the 
case  for  the  plates|: 


Experiment  at  a  Lower  Frequency. 

Using  the  velocity  determinations  already  obtained 
the  thicknesses  of  plate'  were  calculated  to  correspond  to  ^y4  and  A,/2 
for  a  much  lower  frequency,  viz.  45,600  '^/sec .  and  the  plates  constructed. 
The  variable  frequency  method  (B0>  could  not  be  applied  here  for  at  tnis 


TABLE  V  (Method  A) 


Type  metal  plate  0.403  cms.  thick  -  varying  frequency* 


Plate  Intervening 

Without 

Plate 

See  curve  (a)  Fig. 

V. 

See  curve 

(b)  Fig.  V. 

Frequency 

Frequency 

a2 

283500 

5.0 

277000 

7.1 

288500 

14.0 

285000 

13.0 

290500 

20.0 

288000 

18.5 

293000 

34.0 

293200 

37.0 

297000 

47.0 

297000 

65.0 

299500 

76.0 

300300 

125.0 

TABLE  V  (a)  (Method  B) 


Pendulum  results  by  varying  frequency 

Pendulum 

Thickness 

f  for  £  «  ' 

.387  cms. 

303800  /^/sec. 

2.35  X  10^  cms. /sec. 

.395 

304500 

2.45  ”  " 

.221 

528000 

2.33  « 

.228 

529000 

2.41  ” 

Mean  «  2.37 

Plate  Thickness 

f  for  1  =5 

m  Vi 

.4034  cms. 

393600  "^/sec. 

1  2.35  X  10^  cms 

.8011 

296000 

2  2.37 

.6  72 

527500 

3  2.36  ” 

..198 

296000 

3  2.37  ” 

Meaa  Vi  **  2.36 


TABLE  V  (Cont>) 


See  curve  (c)  Fig.  V. 


Frequency 

E  2 

a2 

e2/a2 

280000 

3.0 

8.5 

.353 

285000 

7.5 

13.0 

.575 

290000 

18.0 

23.0 

o780 

292000 

28.5 

33.0 

.865 

295000 

41.0 

49.0 

.837 

297500 

59.0 

72.0 

.820 

300000 

84.0 

115.0 

o730 

00.:i 


...v.r'.:.. 

c:co..  I 


ooc 

00 
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lower  frequency  the  broadness  of  the  beam  allowed  part  of  the  energy 
to  be  reflected  from  the  side  of  the  tank,  thereby  forming  a  station¬ 
ary  wave  system,  as  in  the  case  of  Young’s  mitror  in  optics.  This 

'✓cry 

made  the  pendulum  deflection  ftKae^g-ingly  erratic.  However,  with 
the  >/4  plate  in  position  not  enou^  energy  was  transmitted  through 
it  to  give  any  appreciable  deflection  of  the  indicating  pendulum 
while  the  'hjZ  plate  allowed  nearly  50  ^  of  the  energy  to  pass,  so 
that  this  thickness  of  plate  could  not  have  been  far  from  the  actual 
for  that  frequency,  or  the  velocity  in  that  plate  must  have 
been  very  nearly  2o57  x  10^  cms./^sec . ,  since  this  was  the  velocity 
used  in  calculating 

The  result;^  indicate*  that  in  type  metal  there  is 
no  appreciable  change  in  the  velocity  of  a  compressional  wave  over  a 
frequency  range  of  45000  to  530000 /sec .  or  almost  4  octaves. 
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PART  II. 


Transmission  of  iVave  Energy  through  Partitions  at  Oblique 
Angles  of  Incidence. 


At  this  point  of  the  investigation  it  was  considered  tliat 
the  theory  for  nomal  incidence  had  been  tested  sufficiently,  and  the  work 
on  oblique  angles  of  incidence  was  begun.  Such  work  may  involve  the  pheno¬ 
menon  of  total  reflection:  in  consequence  some  discussion  of  a  mathematical 
analysis  of  this  case  as  given  by  Rayleigh^  is  included  here# 

To  quote,  (Sec#  E70  -  Vol.  II  -  Theory  of  Sound)  ’’Let  us 
suppose  that  the  medium  is  uniform  above  and  below  a  certain  plane  (x  =  0), 
but  that  in  crossing  that  plane  there  is  an  abrupt  variation  in  the  mechanical 
properties  on  which  the  propagation  of  sound  depends  -  namely  the  compressi¬ 
bility  £ind  the  density#  On  the  upper  side  of  the  plane  (which  for  distinct¬ 
ness  of  conception  we  may  suppose  horizontal)  a  train  of  plane  waves  advances 
so  as  to  meet  it  more  or  less  obliquely;  the  problem  is  to  determine  the 
(refracted)  wave  which  is  propagated  onwards  within  the  second  medium,  and 
also  that  thrown  back  into  the  first  medium,  or  reflected#” 

Eor  angles  of  incidence  equal  to  or  greater  than  the 
V 

critical  angle  ©«  given  by  sin  Qq  ^  ^  the  incident,  reflected  and  refracted 
waves  may  be  expressed  as  follows: 


Incident  wave 

(h  =  cos 


Reflected  wave 


^  =  cos  (■ 
Refracted  wave 


"7"^  Co^ 


Y. 


VI. 


VII. 


V  c. 
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From  (V)  and  (VI)  it  can  be  seen  that  the  incident  and 


reflected  waves  differ  only  in  phase  and  so  reflection  must  be  total.  Yet 
the  analysis  shows  that  a  disturbance  does  exist  in  the  second  medium. 

However,  this  apparent  paradox  may  be  explained  by  pointing  out  that  the 
disturbance  in  the  second  medium  is  not  a  wave  at  all,  although  it  is  periodic, 
but  dies  out  within  a  few  wavelengths  of  the  surface  of  separation.  Analyti¬ 
cally  the  optical  case  is  similar.  The  corresponding  equations  may  be  found  in 
Wood^s  Physical  Optics,  p,  273. 


That  such  a  disturbance  does  exist  in  the  second  medium  may  be 


shown  by  an  optical  experiment  which  dates  back  to  the  time  of  Newton  and 
Fresnel,  If  a  convex  surface, of  glass  of  large  radius  of  curvature  is  brought 
into  contact  with  a  plane  glass  surface  at  which  total  reflection  is  taking 
place  the  light  will  be  found  to  enter  the  lens  at  the  point  of  contact. 

That  transmission  should  occur  here  is  not  in  itself  surprising  as  the  point 
of  contact  is  no  longer  a  boundary,  and  so  total  reflection  should  not  be 
expected  to  occur  a 


'However,  this  point  is  surrounded  by  a  ring  which  transmits 
light  of  a  reddish  tinge,  at  the  same  time  reflecting  light  of  a  bluish 


tinge.  The  glass  surfaces  ar^ot  in  contact  here,  but  the  air  film  is 


too  thin  for  total  reflection  to  take  place.  Transmission  through  the 
thicker  portions  of  the  ring  will  occur  more  readily  for  red  light,  as  the 
thickness  necessary  to  reflect  is  measured  in  teims  of  the  wavelength. 
Another,  and  simpler,  demonstration  of  the  existence  of  the  above  mentioned 
disturbance  in  the  second  medium  may  be  obtained  by  lightly  smoKing  one 
surface  of  a  right-angled  prism  with  a  flame,  On  sending  a  strong  beam 
of  li^t  into  the  prism  the  smoked  patch  only  will  be  illuminated,  as  total 
reflection  occurs  at  all  other  points  on  the  surface. 


< 


o  M“:v. 
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An  indication  that  the  same  sort  of  thing  is  true  for  a 
sound  wave  is  the  experiniont  on  thin  steel  plates,  by  Boyle  and  Reid^. 

Rayleigh  has  given  expressions  for  incident  and  trans¬ 
mitted  waves,  incident  on  a  thin  plate  at  an  angle  greater  than  the 
critical  angle. 

Incident  wave,  r.  cos  (ax  Ylll 


Transmitted  wave,  <j>  ~ 


cosJi 


-^1 


IX 


where  a,  a»,  c,  are  all  constants  for  a  given  material  at  a  fixed 
angle  of  incidence.  For  their  physical  significance,  see  Rayleigh 
"Theory  of  Sound”,  Sect.  270-271,  Vol.  II. 

(  is  given  by  cot  (  :  ^  '  —Y  h  a.\  f  x 


From  (IX)  it  may  be  seen  that  if  ^  a  0,  c^5^  / 

,and  -  0.  Also  in  {li.) -ta^,  4  a.:  ^ 

and  therefore  the  transmitted  wave  becomes 

<f)  >  Cog 

which  is  identical  with  the  incident  wave,  as  is  to  be  expected,  for -3^  a  0 
means  no  plate  is  present. 

Supposing  the  angle  of  incidence  to  remain  constant,  it  may 
be  seen  that  as  increases  \ioVn  increase,  therefore, 

from  (IX)  the  intensity  of  the  transmitted  w^ve  must  decrease  steadily  and 
i o ugfrl as  ^  .  That  this  is  not  the  case  will  be  seen  in  the  dis¬ 

cussion  which  follows.  But,  as  shown  by  the  results  obtained  in  this  in¬ 
vestigation  and  also  by  foimer  results  of  Boyle  and  Reid^,  it  is  true  that 
there  is  very  significant  energy  transmission  through  plates  which  are 
thin  in  comparison  with  a  wavelength  at  all  angles  of  incidence,  even 
for  angles  of  incidence  greater  than  the  dritical  angle. 
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EXPERIMENTAL  PROCEDDEE. 

The  practical  considerations  of  availability  and  cost  led 
to  the  choice  of  glass  as  the  reflecting  material  most  suitable  for  the 
experiments.  Due  to  the  oblique  angle  of  incidence,  it  was  necessary 
to  use  larger  reflecting  sheets  than  for  the  case  of  normal  incidence. 

The  plates  were  cut  40«  x  36”  and  ranged  in  thickness  from  0.055  cms.  to 
0.88  cms.  No  facilities  for  gottieg  intermediate  thicknesses  were  avail¬ 
able,  so  stock  sizes  of  window  glass  and  plate  glass  were  employed.  The 
air  vane  pendulum  used  to  measure  the  intensity  of  the  beam  was  2  cms.  in 
diameter,  and  was  suspended  by  a  phosphor  bronze  wire  0.0025  cms.  in  dia¬ 
meter  and  60  cms.  long.  The  arrangement  of  the  apparatus  is  shown  in 
Fig.  V-A. 

The  tank  was  about  3.5  ft.  deep  and  the  transmitter  (T)  and  the 
torsion  pendulum  (TP)  were  suspended  so  that  their  centres  were  about  1.75 
ft.  from  the  top  of  the  tank.  The  plate  (P)  was  suspended  with  the  long 
edge  (40”)  horizontal.  Two  J-inch  holes  were  drilled  l-J-  inches  from  this 
edge,  10  inches  from  each  end.  The  plates  were  hung  by  \  inch  rope  through 
these  holes  from  a  long  3-inch  plank  which  passed  from  one  side  of  the  tank 
to  the  other.  The  angle  of  incidence  was  varied  by  sliding  the  plank  along 
the  edge  of  the  tank.  The  position  of  the  transmitter  was  adjusted  so 
that  the  pendulum  was  on  the  axis  of  the  emitted  ultS?asonic  beam,  as 
evidenced  by  maximum  deflection  of  the  pendulum.  The  baffle  boards  (B) 
were  set  so  as  to  scatter  the  beam  and  prevent  troublesome  reflections 
from  the  ends  of  the  tank.  The  first  series  of  experiments  was  conducted 
using  a  frequency  of  15V,000'v/sec .  and  a  H.F.  voltage  on  the  transmitter 
of  about  900  "V. 

The  average  of  various  quoted  values  for  the  velocity  of 


-  18  - 


sound  in  glass  is  about  5.8  x  10^  cms./sec.  For  water,  v  -  1.48  x  10^ 
cms./sec.  Hence,  from  sin  0^  =:  V/Vj_,  the  vit  'o-il  Mrigl-.^/'o:  .  "  "  t- 
glass  should  be  about  15°.  However,  the  thinnest  plate  was  only  0.055 
in  thickness,  and  with  the  above  work  by  Boyle  and  Reid  in  mind,  it  was 

ye-ry 

e xc, ? c d i ngiy  (questionable  as  to  whether  total  reflection  would  occur  for 
any  angles  of  incidence^ even  those  greater  than  the  critical  angle. 

To  test  the  point  the  thinnest  plate  was  suspended  at  an 
angle  of  45°  to  the  beam.  Total  reflection  was  easily  disproved,  as 
over  50  %  of  the  incident  energy  passed  through  the  plate,  although  the 
angle  was  so  much  greater  than  the  critical  angle. 

Moreover,  on  placing  the  next  three  thicker  plates  in 
the  beam  at  the  same  incident  angle  it  was  found  that  each  transmitted 
more  of  the  ^energy  than  the  one  before  it,  till  the  fourth  plate  allowed 
nearly  100  $6  of  the  energy  throu^  at  that,,  angle ^ 

//r/ZuC/te  e 

The  question  was  raised  as  to  a  possible  on  the  re¬ 

sults  of  diffuse  reflection  or  scattering  of  the  waves,  but  this  was 
shown  to  be  negligible,  within  the  limit  of  accuracy  of  the  experiment,  by 
taking  simultaneous  readings  of  the  transmitted  and  reflected  portions 
of  the  beam.  Allowing  for  the  attenuation  of  the  beam  due  to  its  conical 
shape,  the  sum  of  reflected  and  transmitted  energy  was  shown  to  equal  the 
incident  energy.  These  results  are  shown  in  Table  YI  and  Fig.  71.  The 
readings  for  were  obtained  with  a  plate  in  position.  Readings  for  A^ 
Represent  the  deflection  without  the  plate  intercepting  a  portion  of  the 
beam.  B’2  represents  the  actual  deflection  of  the  torsion  pendulum  at 
T.P.*.  :j.ocated  in  the  side  bay  of  the  tank.  In  order  to  obtain  the  value 
of  reflected  energy  B^,  which  would  correspond  to  the  energy  of  the  reflec¬ 
ted  wave  at  the  same  distance  from  the  transmitter  as  the  pendulum  which 
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TilBLE  VI 


Showing  ratio  of  transmitted  to  incident  and  reflected 
to  incident  energy  for  glass  plates  at  45°  angle  of  in¬ 
cidence. 


e2 

A2 

B»2 

B2 

E2/a2 

B2/a2 

t/?. 

28 

41 

11 

15 

.68 

.37 

.055 

32 

41 

9 

12.3 

.78 

.30 

.080 

38 

42 

3 

4.2 

.90 

.071 

.089 

42 

44 

1 

1.4 

.95 

.032 

.111 

11 

44 

20 

28.0 

.25 

.640 

.146 

4 

42 

27 

38.0 

.095 

.91 

.176 
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1.000 
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measured  the  transmitted  energy,  it  was  assumed  that  reflection  was 
total  for  plate  7  and  so  the  ratio  would  be  49:35.  Hence  the 

column  for  B^  was  obtained  from  B»2  by  multiplying  by  this  factor. 

The  ratio  was  obtained  by  assuming  a  velocity  of  5.8  x  10^  cms./sec. 

and  calculating  from  )i|  3  ^  .  This  experiment  was  carried  out  for 

the  45^  angle  of  incidence  only. 

In  order  that  some  notion  might  be  formed  of  the 
transmission  phenomena  occurring  at  other  angles  of  incidence,  a  series 
of  readings  was  taken  for  each  plate,  keeping  the  frequency  and  intensity 
constant  and  varying  the  angle  of  incidence  from  0°  to  62.5®. 

As  may  be  seen  by  reference  to  Figures  VII  to 
XVIII  and  Tables  VII  to  XVIII  each  plate  shows  maximum  transmission  for  a 
certain  angle,  this  angle  being  greater  and  the  peak  broader  for  the  thin^ 
ner  plates. 

This  series  was  repeated  at  a  frequency  of  299f000<ii/sec, 
The  results  were  much  the  same  as  before,  except  for  the  last  two  plates* 

As  is  shown  in  Fig.  XVIII  there  are  two  angles  for  maximum  transmission  for 
Plate  7,  and  a  distinct  "plateau”  on  the  slope  of  the  curve  for  the  second 
plate. 

Figure  XVII  for  Plate  6  shows  only  one  distinct  peak, 
but  several  irregular  maxima  between  21®  and  0®. 

The  foregoing  tables  and  curves  contain  all  the  enH 
pirical  data  obtained;  but  this  information,  concerning  the  behaviour  of  a 
wave  passing  through  a  plate  thin  in  comparison  with  a  wavelength,  may  be 
rearranged  graphically  to  yield  further  infoimation  concerning  the  factors 
determining  the  transmission  of  a  wave  under  such  circumstances*  The 
experiments  on  transmission  of  wave  energy  normally  through  plates  proved 
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Tables  VII  to  XIII  show  transmission  for  Plates  1  to  7  at 


various  angles  of 

incidence  and  at 

a  frequency 

of  157000'V3ec 

TABIZ  VII  - 

Plate  1 

TABLE  IX  -  Plate  3 

Angle  of 

Incidence 

Deflection 

Angle  of 
Incidence 

Deflection 

0 

13.0 

10 

7.0 

15 

13.5 

20 

7.0 

25 

14.5 

30 

12.5 

35 

21.5 

35 

15.5 

40 

28.0 

40 

29.5 

45 

35o0 

45 

45.0 

50 

41.0 

50 

47.5 

55 

48.0 

55 

31.5 

60 

52.5 

TABLE  X 

-  Plate  4 

62.5 

53.5 

imgle  of 

Deflection 

TABLE  VIII  - 

•  Plate  2 

Incidence 

Angle  of 

Deflection 

00 

5 

Incidence 

5 

7.5 

5 

5 

15 

7.5 

15 

5 

25 

10.5 

20 

6 

35 

17.5 

25 

6 

40 

26.0 

30 

10 

45 

40.0 

35 

16 

50 

48.5 

40 

33 

55 

44o0 

45 

49 

60 

33.0 

50 

30 

62.5 

29.5 

55 

15 

,  '.I 
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TABLE  XI 

-  Plate  5 

TABLE  XII 

-  Plate  6 

Angle  of 
Incidence 

Deflection 

Angle  of 
Incidence 

Deflection 

30 

8 

15 

5.1 

35 

21 

25 

5.5 

40 

49 

30 

11.0 

45 

17 

35 

30.5 

50 

7 

40 

27.0 

55 

3 

45 

7.0 

50 

1.4 

TABLE  XIII  -  Plat©  7 

55 

1.0 

Angle  of 
Incidence 

Deflection 

0 

2 

10 

2 

20 

4 

25 

5.5 

30 

18.5 

35 

29.5 

45 

1.0 

55 


0.0 
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Tables  XIV  to  XVIII  inclusive  show  transmission  for  Plates 


1 ,  3,  5 ,  6 , 

7  at  various  angles 

of  incidence  and 

at  a 

frequency  of 

299000  '^/seco 

TABLE  XIV  -  Plate  1 

TABLE  XV 

-  Plate  3 

Angle  of 

Deflection 

Angle  of 

Deflection 

Incidence 

Inc idence 

0.0 

7.5 

0.0 

3.5 

0.5 

7o0 

0.5 

3.5 

25.0 

10.0 

25.0 

6o0 

30.0 

14.0 

30.0 

15.0 

35.0 

20.0 

35o0 

43.0 

40.0 

40.0 

23.0 

43.0 

55.0 

45.0 

5.0 

45.0 

,51.0 

50.0 

3.0 

50.0 

30.0 

55.0 

0.5 

55.0 

20.5 

c  c  <  t  -  • 
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XVI 

-  Plate  5, 

TABLE  XVII 

-  Plate  6 

Angle  of 
Incidence 

Deflection 

Angle  of 
Incidence 

Deflection 

0 

3p0 

0.0 

4.5 

5 

2.0 

5.0 

7.0 

15 

1.0 

7p5 

2.0 

25 

6.0 

10.0 

1.5 

30 

22.0 

12.5 

1.5 

32 

31.0 

15.0 

loO 

35 

17.0 

17.5 

12.0 

40 

2.0 

20.0 

12.0 

45 

0.5 

21.5 

9.0 

55 

0.0 

23.0 

11.0 

25.0 

11.0 

27o5 

18.0 

30.0 

46.0 

31.0 

55.0 

32.0 

45  .0 

35.0 

13.0 

40.0 

2.0 

0 


1 

J 

i 

1 

1 

i 
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TABLE  XVIII  -  Plate  7 


Angle  of  Incidence 


Deflection 


0.0 

24.0 

5,0 

32.0 

7,5 

41.0 

9.0 

44.0 

10.0 

30.0 

12.5 

9.0 

15.0 

2.0 

17.5 

22.0 

20.0 

28.0 

20.75 

53.0 

21.5 

48.0 

25.0 

28.0 

23.5 

27.5 

30o0 

23.5 

55.0 

2.0 

40.0 

0.0 

45.0 

0.0 

50.0 

0.0 

t 
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that  for  Q  givao.  material  the  ratio  was  a  function  of  .  That  such 
is  true  in  this  case  also  is  shown  in  Fig,  XIX,  which  gives  the  ratio  of 
transmitted  to  incident  energy  plotted  against  for  tsn  angle  of  in¬ 

cidence  of  37®*  The  ratio  is  multiplied  by  the  constant  factor  90  for 
purposes  of  plotting* 

Fig,  XIX  offers  conclusive  proof  that  the  expression 

/Xt.cosc. 

developed  by  Rayleigh  and  quoted  on  Page  17  ia~ orronoouo’w  This  theory 
cannot  possibly  account  for  the  sudden  rise  at  -^/A,  «  .176,  but  demands  a 
steady  decrease  in  the  ratio  from  the  left  to  the  right  as  is  shown 

on  Page  18, 

It  was  noted  that  the  angle  for  maximum  transmission 
for  a  given  plate  decreased  as  the  thickness  increased  and  also  as  the  fre¬ 
quency  increased*  The  significant  factor  in  changing  the  frequency  is  the 
change  in  wavelength,  so  the  decrease  in  the  angle  of  incidence  for  maximum 
transmission  might  be  expected  to  vary  as  the  thickness  and  inversely  as  the 
wave  length.  That  this  is  the  case  for  those  plates  possessing  only  one 
peak  of  transmission  is  shown  in  Fig,  XX. 

Of  the  three  points  on  the  right  hand  side  of  Fig,  XX 
the  two  lower  ones  were  obtained  by  plotting  the  angle  of  each  of  the  two 
peaks  for  Plate  7  against  for  that  plate.  The  top  point  was  obtained 

by  treating  the  plateau  on  the  side  of  the  second  peak  (Fig,  XVTII)  as 
another  peak.  This  latter  point  seems  to  fit  more  closely,  but  further 
work  will  have  to  be  done  before  this  can  be  stated  with  any  degree  of 
certainty, 

Plate  7  (Fig.  XVIII^  shows  a  peak  at  9°,  angle  of 
incidence.  As  this  is  less  than  the  critical  angle,  Raylei^’s 
expression  should  hold.  If  it  does  hold,  tnen  we  may  apply  the  formula 
1  cos  1  =  m  /2  to  fini  V,  by  making  substitutions,  as  follows. 


Table  xdc 


Showing  transmission  by  plates  of  various  thickness  at  a 
fixed  angle  of  incidence  of  37°. 


Plate  No. 

e2/a2  X 

1 

.055 

38.5 

2 

,080 

33.0 

3 

.089 

30.5 

4 

.111 

33.0 

5 

.146 

50.0 

6 

.176 

71.0 

7 

.238 

28.5 

1 

.103 

31.5 

3 

.169 

52.0 

5 

.278 

8.6 

6 

.329 

2,5 

7 

.453 

0.05 

0.' 


TABLE  XK 


Plate  No, 

& 

1 

.055 

62.5 

2 

.080 

51.0 

3 

.089 

47.0 

4 

.111 

44.5 

5 

.146 

40.0 

6 

.176 

37.0 

7 

.238 

33.0 

1 

.103 

44.0 

3 

al69 

36.0 

5 

.278 

32.0 

6 

.329 

30.5 

7 

.453 

27.0 

21.0 

9,0 
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Taking  i  S  o88  cms.,  ^b  9^,  v  s  1.48  x  10^ 
the  above  expression  gives  tj  a  4.5  x  10^  cms. /sec. 

The  quoted  values  for  the  velocity  of  sound  in  glass 
are  all  higher  than  this.  Q,uoted  values  are  generally  based  on  results 
obtained  from  velocity  determinations  in  thin  rods,  for  which  case  the 
velocity  is  given  by  the  familiar  formula  a  where  i  a  Young’s 

modulus  an(^o  «  density.  Moreover,  the  velocity  determinations  based  on 
the  transmission  of  sound  by  plates  at  normal  incidence  show  that  such  a 
plate  may  be  treated  as  an  infinite  medium  in  which  the  velocity  is  given  by^ 


A%^ir/o/>  *' ss 


ii-r'') 


(i-hA— 


.  X- 


XII 


h/Aere  6~~ 

By  a  method  to  be  described  later,  (Part  II) 

^  «  5.25  X  10^  cms/sec.  for  ordinary  window  glass.  Taking  the  lowest 

quoted  value  of  Poisson’s  Ratio  in  glass  as(7.229  {Lamb’s  Dynamical  Theory 
of  Sound,  p.  113)  and  substituting  in  (XI)  we  get  V  »  5,65  x  10^  cms. /sec. 

Thus  it  may  be  seen  that  whether  the  plate  be  treated  as 
an  infinite  medium  or  as  a  rod,  the  velocity  should  be  greater  than  4.5  x  10^ 
cms. /sec.,  and  this  may  be  taken  at  least  as  an  indication  that  the  theory 
upon  which  this  deteimination  of  velocity  is  based  is  in  error.  Hence  it 

^or'  1/01' y  t A /'to  pcfi^ Z/b/j'j' 

would  seem  that  existing  theory  does  not  hold ^f or  any  oblique  angle  of  in- 
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cidence,  whether  greater  than  the  critical  angle  or  not* 

It  is  also  true  that  the  theory  cannot  account  for  a 
pealc  of  transmission  for  a  plate  less  than^^  /2  in  thickness  at  any  angle 

of  incidence* 

Consider  the  expression  which  gives for  maximum  trans¬ 
mission*  ■£ coi 

coi  9,  -  i  ^ 

Tf  e^h,/2  Z  ^<\  >/ 


Various  simplifying  assumptions  may  be  made  in  an  attempt 
to  find  a  satisfactory  explanation* 

1.  Assume  there  is  no  refraction  the  transmitting  layer 
of  glass  being  so  thin,  but  that  different  velocities  exist  in  the  two 
media* 


In  this  case 

'  ®  P  /9  — 

of  a  wave^given  by  zc,  ca  ^ 


the  retardation  of  phase  in  the  passage 

2  V,  9  d'h 


The  condition  for  total  transmission  in  such  a  case  is  that  the  total 
retardation  must  be  equal  to  an  integral  number  of  half  wave  lengths  or 
Zt/cosS  fi  - 

By  substituting  tan  i?  S  s±nf/aos^ ,  taking  the  denominator  out  of  brackets. 

and  dividing  numerator  and  denominator  by  2,  we  obtain 

^  ^  Tioa&AS  -f- . 

Taking  m  -  1,  and  substituting  values  of  / ,  f  and  v 

for  the  first  three  plates  gave  velocities  ranging  from  1.13  x  lO^cms./sec. 
to  1*34  X  10^  cnis*/sec* 

These  values  are  too  far  from  the  e:q>ected  values  to  afford  much  hope 


that  the  assumption  is  justified 


.  0 
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2.  Assume  that  the  velocity  is  not  a  constant,  but  varies 
and  is  determined  by  the  equation  given  on  p.  2^ /(XI) 


Making  m  »  1  and  substituting  values  of  /,  v  and  f  for  the 
first  five  plates  gave  velocities  ranging  from  0.555  x  10^  cms./sec.  to 


1.09  X  10^  cms./seo.  Again  the  values  are  too  low  to  lend  support  to  this 
assumption. 


This  problem  for  the  time  being  will  have  to  be  left  here, 


but  it  will  be  useful,  when  the  work  is  resumed,  to  include  a  review  of  the 
experimental  and  theoretical  work  on  the  transmission  of  sound  by  plane 
partitions.  This  reveals  the  following: 


1.  Existing  theory  represents  fairly  well  the  propagation 


of  a  longitudinal  wave  through  a  plane  partition  at  normal  incidence.  This 
has  been  shown  to  be  true  for  plates  as  many  as  three  half  wave  lengths  thick, 
and  for  plates  as  thin  as  it  is  possible  to  machine  on  an  ordinary  turning 
lathe* 


2*  For  plates  of  glass  and  presumably  other  materials  less 


than  one  half  wave  length  tiilck,  transmission  of  sound  is  not  in  accord  with 
the  theory  for  oblique  angles  of  incidence  greater  than  a  certain  angle,  9® 
in  the  case  of  glass.  It  is  not  known  how  small  the  angle  of  incidence  must 
be  or  how  thick  the  plate  must  be  before  the  theory  can  be  said  to  hold  at  all. 
Presumably  the  same  kind  of  discrepancies  would  exist  for  any  solid  material. 

So  Several  simple  modifications  of  existing  theory  have 
failed  to  account  for  the  observed  experimental  facts. 

4.  Transmission  by  plates  thin  in  comparison  with  a  wave 
length  is  a  function  of  the  angle  of  incidence.  The  first  derivative  of  this 
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function  seems  to  be  discontinuous  at  the  peak  of  the  curve.  The  function 
is  as  yet  undetermined, 

5,  At  a  fixed  angle  of  incidence,  transmission  is  a 
function  of  This  function  is  also  unlmown. 


Discussion. 

It  is  at  this  point  that  the  correctness  of  the 
statement  made  in  the  opening  paragraph  is  most  keenly  felt.  If  it  were 
possible  to  follow  a  wave  in  the  medium  through  which  it  is  passing  it 
is  almost  inevitable  that  it  would  yield  the  clue  to  its  atmngft  behaviour. 
As  matters  are,  it  is  only  known  that  for  a  given  angle  of  incidence  a 
certain  proportion  of  the  incident  energy  does  pass  through  a 
whether  the  energy  is  incident  at  angles  less  than  the  critical  angle  or  not. 

or  /ta/’  pdf'/-. 

Whether,^the  piete  in  some  way  transforms  the  incident  longitudinal  disturb¬ 
ance  into  a  transverse  or  torsional  vibration  and  then  passes  it  on  again 
in  its  original  form  is  not  known,  and  cannot  be  determined  by  present 
experimental  technique. 

This  inability  to  follow  the  progress  of  a  wave 
step  by  step  is  also  characteristic  of  present  analytical  methods.  We  may 
assume  certain  boundary  conditions,  and  while  these  assumptions  may  yield 
results  which  are  verified  by  experiment,  yet  the  precise  actual  nature  of 
the  stress  and  strain  phenomenon  in  the  medium  remains  unknown. 

This  quandary  may  be  entirely  due  to  the  classical 
point  of  view  which  treats  a  solid  material  as  a  continuous  medium.  Such 
a  simplifying  assumption  is  undoubtedly  most  useful  in  certain  cases,  e.g. 
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in  the  expression  of  a  wave  as  a  trigonometrical  function,  but  must 
eventually  lead  to  difficulty  if  always  adhered  to  rigidly.  It  may 
be  that  at  the  present  stage  of  development  of  mathematics  the  only 
feasible  assumption  to  make  from  the  point  of  view  of  an  investigator 
of  a  compressional  wave  is  that  solid  matter  is  continuous.  Even  so, 
it  is  obvious  that  many  advantages  would  be  attendant  upon  the  assump¬ 
tion  that  gross  matter  is  not  continuous  if  it  were  possible  to  follow 
the  energy  of  a  compressional  wave  from  molecule  to  molecule  through 
a  material  by  some  analytical  device.  No  obvious,  simple  method  of 
representing  even  a  simple  sine  wave  through  the  solid  in  terms  of 

otM 0/^/0^  a/"  Me  C/'yy/Zi/ 

molecular  motion^ suggests  itself.  However,  if  analy-tical  methods 
can  he  developed  which  will  acconiplish  the  above,  then  it  may  easily 
be  seen  that  the  problem  of  transmission  of  a  compressional  wave  through 
a  plane  partition  at  angles  of  incidence  greater  than  the  critical  angle 
will  offer  no  special  difficulties.  In  fact  if  the  fundamental  factors 
involved  in  the  transmission  of  energy  from  one  molecule  to  another  can 
once  be  solved,  it  is  almost  inconceivable  that  any  problem  in  wave 
motion  in  solids  could  remain  unsolved.  The  analytical  procedure  would 
be  simply  to  start  a  wave  in  a  medium  and  follow  it  through  step  by 
step* 

The  development  of  this  point  of  view  would  prob¬ 
ably  be  accelerated  by  developing  a  corresponding  experimental  method, 
for  example,  by  using  a  large  scale  model  of  a  crystal,  in  which  waves 
could  be  started  and  followed  through  from  unit  to  unit  of  the  lattice 
structure  from  one  instant  to  the  next. 

This  is  speculation,  but  other  problons  as  well 
as  the  present  one  have  indicated  that  some  such  change  in  the  method 
of  attack  is  needed.  For  this  reason,  the  suggestion  is  included  here. 


E6 


Before  any  method  of  analysis  can  be  developed  to 
solve  theoretically  the  problem  on  which  experimental  results  are  here 
collected,  it  will  be  necessary  to  state  as  explicitly  as  possible  the 
factors  involved. 

Experiment  and  theory  in  optics  and  acoustics  both 
indicate  that  thin  films  or  partitions  transmit  the  maximum  amount  of 
energy  when  the  path  difference  between  the  directly  transmitted  and 
the  refracted  and  reflected  ray,  is  some  multiple  of  A/Z^  This  path 
difference  may  be  due  to  any  one  or  all  of  the  following  factors: 

(a)  difference  in  distance  travelled  in  the  two  media; 

(b)  change  of  phase  at  one  or  both  surfaces; 

(c)  difference  in  velocity  in  the  two  media. 

Considering  these  factors  in  connection  with  the 

present  problem  we  discover  not  one  but  several  reasons  for  the  failure 
of  theory  to  apply  for  angles  of  incidence  greater  than  the  critical 
angle. 

As  Raylei^  has  said,  when  the  angle  of  incidence 
exceeds  the  critical  angle,  the  disturbance  in  the  second  medium  is 
not  a  wave  at  all.  It  does  not  travel  into  the  second  medium,  although 
a  distimbance  exists  in  this  medium,  and  so  (a)  above  seems  to  have  no 
meaning.  A  wave  which  does  not  travel  into  the  second  medium  can 
hardly  be  said  to  suffer  a  change  of  phase  at  the  second  surface,  as 
it  cannot  advance  to,  nor  be  reflected  by,  that  surface.  The  factor 
(c)  also  has  a  doubtful  meaning  on  the  assumption  that  the  disturbance 
in  the  second  medium  has  the  properties  assigned  to  it  in  the  analysis, 
for  there  can  only  be  a  definite  velocity  in  a  material  when  a  wave  is 
permitted  to  form  in  it. 

However,  experiment  shows  that  the  primary  wave  does 
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travel  through  and  out  of  the  second  medium.  If  we  are  to  give  any 
meaning  to  factor  (a)  we  must  have  a  recognizable  wave  which  advances 
to  and  is  reflected  by  the  second  surface.  This  indicates  the  necess¬ 
ity  of  a  clearer  view  of  what  takes  place  in  the  phenomenon  of  refraction* 

It  may  be  that  the  velocity  of  propagation  of  a  wave  is  profoundly  modified 
in  a  thin  plate;  that  is,  modified  until  the  velocity  in  the  plate  is  small 
enough  to  eliminate  the  phenomenon  of  total  reflection.  Present  methods 
of  analysis  give  no  indication  as  to  the  why  or  wherefore  of  phase  change 
under  these  circumstances,  so  factor  (b)  remains  unknown. 

A  detailed  consideration  of  the  question  of  the 
velocity  of  propagation  of  a  compressional  wave  in  a  solid  yields  several 
points  of  interest  in  connection  with  (c)  above.  For  a  given  material, 
the  velocity  of  a  compressional  wave  depends  on  the  potential  energy  of  a 
given  compression  in  the  material.  The  potential  energy  of  a  givai  com¬ 
pression  depends  to  some  extent  on  the  geometrical  shape.  For  instance, 
the  potential  energy  of  a  given  compression  in  the  interior  of  a  limitless 
solid  is  greater  than  that  due  to  a  corresponding  compression  in  a  thin 
rod,  as  the  lateral  yielding  in  the  latter  case  reduces  the  restoring  force. 
A  case  intermediate  between  the  two  above  is  that  of  a  thin  plate.  Here 
lateral  yielding  is  possible  in  one  direction  only*  Further,  the  potential 
energy  due  to  a  given  compression  is  greater  in  the  interior  of  a  solid 
than  q.t  or  nea1f*  its  surface.  This  accounts  for  the  Bayleigh^^  wave,  which 
travels  along  the  surface  of  a  solid  with  a  velocity  which  is  less  than  the 
velocity  of  the  wave  in  the  interior  in  the  ratio  of  0.92:1.  This  wave 
has  been  observed  in  the  case  of  earthquakes,  following  in  the  wake  of  the 
wave  travelling  through  the  interior  of  the  earth.  In  this  case,  the 
secondary  wave  is  behind  the  first  wave  not  only  because  it  is  the  slower 
of  the  two  but  because  it  must  travel  in  a  circle  while  the  faster  wave 
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travels  in  a  straight  line. 

Another  factor  which  may  modify  the  velocity  of  a  wave 

in  a  material  is  that  due  to  lateral  inertia.  Rayleigh  calculated  the 

effect  of  this  for  the  case  of  a  cylindrical  rod  thick  in  compeirison  with 

Ik  ^ 

a  wave  length.  A  series  of  experiments'^  performed  by  the  writers  verified 
Rayleigh’s  expression® 

Applying  these  facts  to  the  present  case;  it  may  be 
seen  that  a  wave  travelling  normally  through  a  very  thin  plate  will  not 
be  propagated  with  the  same  velocity  as  a  wave  travelling  in  a  direction 
parallel  to  the  surface  of  the  plate,  as  the  potential  energy  due  to  a 
given  compression  is  not  the  same  in  these  two  cases.  Further,  a  wave 
passing  through  the  plate  obliquely  mi^t  be  expected  to  be  propagated 
with  any  velocity  between  the  two  extremes,  depending  on  the  angle  of  in¬ 
cidence.  Moreover,  a  wave  mi^t  easily  be  conceived  as  travelling  with 
the  velocitj''  of  the  Rayleigh  wave  just  after  entering  and  just  before 
leaving  the  plate,  but  with  the  velocity  of  a  wave  in  an  infinite  medium 
while  in  the  interior  of  the  plate.  Also,  at  certain  angles  of  incidence 
at  least,  the  velocity  of  the  wave  in  the  plate  may  be  modified  by  an 
effect  due  to  lateral  inertia. 

In  conclusion  of  this  part  of  the  work,  it  may  be  said 
that  an  adequate  theory  for  transmission  of  wave  motion  throu^  very  thin 
plates  at  angles  of  incidence  greater  than  the  critical  angle  must  provide 
for  and  abide  by  the  following: 

1.  Almost  total  transmission  for  each  plate  at  some 
partic\ilar  angle  of  incidence,  this  angle  being  greater  for  thinner  plates. 

2.  Almost  total  transmission  at  each  angle  of  incidence 
for  plates  of  some  particular  thickness,  this  thickness  being  greater  for 
smaller  angles  of  incidence. 

iOZQ. 

^Boyle  and  Sproule,  Rep.  Can.  Res.  Counc/ 1  -  • 
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3.  Theory  must  not  implicitly  forbid  the  existence  of  a 
wave  in  the  second  medium  for  angles  of  incidence  greater  than  the  critical 
angle, 

4,  Theory  may  have  to  allow  for,  and  determine  the  magni¬ 
tude  of  a  possible  phase  change  other  than  zero  or  tT at  one  or  both  sur¬ 
faces. 

5.  Theory  will  almost  certainly  have  to  allow  for  and 
determine  the  magnitude  of  different  velocities  of  propagation  in  different 
directions  in  the  plate.  These  differences  may  be  introduced  by  virtue 

of  differences  in  elastic  constants  in  different  directions,  or  by  an 
effect  due  to  lateral  inertia©  Further  the  velocity  of  propagation  in 
a  given  direction  may  vary  with  the  distance  from  the  surface  of  the 
plate,  giving,  in  effect,  a  continuously  variable  medium# 

As  has  been  suggested  above,  the  solution  of  these  prob¬ 
lems  may  be  beyond  the  scope  of  present  methods  of  analysis  and  may  nec¬ 
essitate  the  development  of  new  analytical  devices  and  the  adoption  of 
assumptions  more  in  accord  with  experimental  fact# 
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APPENDIX  TO  PART  II 


yisualization  of  Phenomena  Occurring  by  Virtue  of 
Transmission  of  Sound  Waves  Incident  at  Angles  of 
Incidence  Greater  than  the  Critical  Angle. 

A  method  which  has  often  proved  its  value  in  enabling  investi¬ 
gators  to  obtain  q^uickly  a  qualitative  idea  of  phenomena  occurring  in  an 
ultrasonic  beam,  has  again  been  found  useful  here. 

A  glass  plate  A  -  Pig.  XX—C  was  suspended  in  the  beam  at  an 
angle  of  incidence  of  45^,  as  shown  in  Fig.  V-A.  Glass  plate  B,  Fig. 

XX-C  was  suspended  normally  to  the  beam  about  1.5  meters  back  of  the  centre 
of  plate  A,  so  that  any  of  the  beam  transmitted  through  A  would  be  reflected 
back  on  its  path  by  B,  forming  a  standing  wave  system. 

The  nature  of  this  standing  wave  system  was  made  evident  by 

elusT 

dropping  sifted  cinder/  into  the  water  in  the  path  of  the  beam.  The  cin- 

i'kin  ^^c.c.sc  — 

ders  were  caught  on  a  sheet  of^  cloth  stretched  on  a  metal  framework  shovaa 
in  Fig.  XX-G.  The  cinders  tend  to  move  into  the  nodes,  so  the  arrange- 

/~y4C£  3  <3/^  ^-4 e 

ment  of  the  cinders  on  the  cloth  may  be  taken  as^  the  arrangement  of  the 
nodes  above  the  cloth. 

Fig.  XX-C  shows  the  arrangement  of  the  transmitting  and  re¬ 
flecting  plates  and  the  cloth  screen.  Fig.  XX-D  shows  a  close-up  of  the 
dust  figure  obtained.  The  arrow  indicates  the  direction  taken  by  the 
beam. 

Several  points  of  interest  may  be  discovered  In  the  arrange¬ 
ment  of  the  dust  shown  in  these  two  figures. 

1.  The  mere  existence  of  arrangement  is  an  indication  that 
the  beam  is  transmitted  throng  the  plate  at  angles  of  incidence  greater 


than  the  critical  angle 
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2,  The  velocity  as  calculated  by  a  measurement  of  the  distance 
between  nodes  is  1.4S  z  10^  cms*/sec,,  which  Indicates  that  the  trans¬ 
mitted  wave  is  longitudinal.  It  is-dlfficnll  lu  uunouivo  nay  c^hog  typ» 

Ja.y  n  1  ....y  ..p  ^  ilntCLrTT|  -/"t  nilh 

etft">eQiBm»gQnQo  lo  net*  i:ii]!jejui1il»o 

3,  It  may  be  observed  that  the  dust  is  not  only  arranged  in 
rows  parallel  to  the  reflecting  plate  B,  but  that  over  a  considerable 
area  ne^r  plate  A  the  cinders  are  in  rows  parallel  to  plate  A^^perpen- 
dicular  to  Plate  A,  parallel  to  plate  B  and  perpendicular  to  plate  B, 

This  is  simply  due  to  the  fact  that  plate  A  is  acting  as  does  a  semi- 
silvered  plate  in  optics.  That  part  of  the  energy  transmitted  by  A  is 
reflected  by  B  back  to  A  where  it  is  partly  reflected.  This  reflected 
component  produces  a  system  o£  nodes  parallel  to  A  as  in  Wein*s  experi¬ 


ment  in  optics 
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PART  III. 

Transverse  Vibrations  in  Bars  and  Sheets 

Owing  to  the  doubt  as  to  the  actual  velocity  of  a  com- 
pressional  wave  in  the  glass  used  in  the  experiments  in  Part  II  an 
attoupt  was  made  to  find  it  by  an  independent  method* 

A  strip  of  common  double  diamond  window  glass  2  cms. 
wide,  91*6  cms*  long  and  0*202  cms*  thick,  was  sealed  to  the  end  of 
an  ultrasonic  transmitter  as  shown  in  Fig.  XX-u^*  This  transmitter 
was  not  of  the  type  ordinarily  used  to  produce  an  ultrasonic  beam, 
so  it  will  be  described  in  an  appendix  on  transmitters*  It  will 
suffice  here  to  say  that  vibrations  could  be  set  up  in  it  with  the 

ofheir  and  U'iual 

same  radio  frequency  oscillator  as  is  used  in^experiment s  with  the 
ultrasonic  beam* 

The  flat  surface  of  the  glass  was  arranged  horizontally, 
and  sand  placed  on  it*  It  was  hoped  that  the  longitudinal  vibration 
ill  the  transmitter  would  be  propagated  into  the  glass  strip,  and  the 
standing  waves  produced  in  the  strip  would  be  made  evident  by  the 
motion  of  the  sand  to  the  nodes  of  displacement*  The  wave  length  oou 
could  then  be  found  1:^  measuring  the  distance  between  nodes,  and  the 
frequency  determined  by  measuring  the  frequency  of  the  electrical  os¬ 
cillations  with  a  radio  frequency  wavemeter.  The  velocity  could 
then  be  determined  from  the  familiar  formula  V  «  f  A  • 

The  rod  was  set  in  vibration  at  a  frequency  of  380007 sec. 
Nodes  were  formed,  indicating  that  some  sort  of  wave  was  transmitted 
into  the  glass,  but  when  the  loops  were  measured  and  the  velocity 
calculated  it  was  found  to  be  1*05  x  10^  cms*/sec*  while  the  quoted 
values  for  the  longitudinal  velocity  in  glass  range  from  5  x  10^ 
cms*/sec.  to  6  x  10^  cms*/sec*  '  A  detemination  at  a  second  frequency 
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of  20700 '^/seCo  showed  that  the  velocity  was  Q.775  x  10^  cm- ./-■  c , 
This  strengthened  the  opinion  that  the  wqv'j  .vqs  trai.-  v-.c.  e  ■athar 
than  longitudinal,  for  the  velocity  of  a  transveim^u  .-v^ve  a  f  .uctio; 
of  the  frequency,  while  that  of  a  longitudinal  wave  is  indcp'umJout  cf 


frequency  for  a  strip  as  narrow  as  the  one  here  employed. 

iz 

Lamb  has  given  an  expression  for  ti^e  v^l  city  of 
propagation  of  a  transverse  wave  in  a  bar 

. AlV 


where  C  a  velocity  of  transverse  vibration 
^  iT 


K 


A 


where  pN  a  wave  length 


6  a  Young ^s  modulus 
/Oa»  density 

k  a  radius  of  gyration  of  the  area 

of  the  cross-section  about  an  axis  through  its  centre  of  gravity,  normal 
to  the  plane  of  flexure. 

For  a  rectangular  prism  such  as  used  here,/f^  =  a^/12 


/-/i  <a 

where  a  -  thickness  of  prism  or  bar,  measured  in^ plane  of  flexure. 

Calculation  based  on  (XIV)  indicated  that  the  vibra¬ 
tion  in  the  glass  was  fleioiral.  The  glass  rod  was  than  sealed  to  the 
transmitter  as  shown  in  Fig.  XX-B.  With  such  an  arrangement  the  longi¬ 
tudinal  vibration  in  the  transmitter  would  necessarily  set  up  flexural 
vibrations  in  the  glass  strip.  Using  the  same  frequencies  as  before, 
the  nodes  occurred  at  the  same  intervals  as  with  the  arrangement  in 
Fig.  XX-A.  This  gave  final  eonfirmation  to  the  fact  that  energy 
supplied  to  a  thin  rod  in  the  form  of  a  longitudinal  vibration  is 

Moyf/y' 

transformed  into  flexural  vibration.  This  has  been  foretold 
from  theoretical  considerations  by  Lord  Rayleigh^^  The  analogy  be¬ 
tween  this  case  and  Melde*s  experiment  with  a  vibrating  string  is  too 
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obvious  to  require  comment. 

Using  the  arrangement  of  apparatus  as  in  Fig. 
several  attempts  were  made  to  damp  out  the  flexural  vibration;:  and  at 
the  same  assist  the  longitudinal  vibrations,  as  the  experiment  could 
not  yield  a  direct  determination  of  the  velocity  of  a  longitudinal 
wave  unless  that  form  of  vibration  could  be  made  the  predominant  one. 
This  effort  failed,  as  the  process  of  damping  the  undesired  mode  of 
vibration  so  reduced  the  longitudinal  form  that  it  could  not  be  detected. 
The  arrangement  of  apparatus  shown  in  Fig.  XX-3  was  finally  made  to 
yield  the  desired  information  in  the  following  way. 

The  velocity  of  a  longitudinal  vibration  in  a  thin  rod 
is  given  by  ^ l^o  *  ^l/=>  occurs  in  XIV,  so  that  expression  may 

be  used  to  calculate  V,  for  all  the  other  factors  in  the  expression  may 
be  measured. 

As  stated  above,  c  may  be  deteimined  by  measuring  the 
distance  between  the  nodes.  C  « .  By  definition  K  a  2^^  ,  so  K  is 
also  determined.  The  tMclaiess  of  the  strip  is  readily  determined  by 
means  of  a  micrometer  screw  gauge. 

XIV  may  be  re-written  as  z/e/  7.  i 


+  K* 


XV, 


or  V 

M  where  M  »  | 

M  is  used  in  this  sense  in  Tables  XXI  to  XXIII. 

V  obtained  by  this  methiod,at  frequencies  of  38000-t-/sec . , 
/sec.,  20700^/sec.  was  5.35  x  10^  cms,/sec.  Quoted  values 
ranged  from  5  i  loS  icms./seo.  to  6  x  105  cms./seo.  Hen-yaf-,  on  using 
a  higher  frequency  of  45400-1-/360.  tho  theory  hr  jke  V  in  this 

case  turned  out  to  he  5.12  x  10^  oms./seo.  Moreover,  on  repeating  the 


TABLE  aXI 


Rod  Thick-  Width 
No.  ness 


1  0.303  eras.  2.0  cms. 


2  0.301  1.4 


3  0.311  1.0 


Freq. 

Cyc/sec 

?i 

Transverse 

Velocity 

in 

Cms/sec  x  10^ 

M 

in 

cms/sec  x 
10^ 

12400 

4«9 

.605 

.111 

5.46 

.  0o2 

20700 

3.75 

.775 

.145 

5.34 

.081 

29000 

3.16 

.917 

.171 

5.36 

.096 

38000 

2.74 

1.05 

.196 

5.35 

•  111 

45400 

2.47 

1.120 

.217 

5.12 

.123 

62000 

2.10 

1.30 

.253 

5.14 

.144 

68500 

1.99 

1.35 

.266 

5.07 

.152 

12400 

4.90 

.605 

.110 

5.50 

.0614 

20900 

3.70 

.776 

.145 

5.35 

.0814 

29000 

3.14 

.910 

.1715 

5.35 

.0960 

37500 

2.74 

1.03 

.195 

5.28 

.110 

45200 

2.47 

1.12 

.216 

5.18 

.122 

53700 

2.25 

1.21 

.236 

5.12 

.134 

69100 

1.97 

1.36 

.267 

5.10 

.153 

84000 

1.76 

1.49 

.290 

5.03 

1171 

12650 

4.95 

.626 

.113 

5.54 

.063 

20700 

3.80 

.786 

.147 

5.35 

.082 

29000 

3.18 

.923 

.175 

5.28 

.098 

37500 

2.79 

1.05 

.198 

5.28 

.107 

45200 

2.49 

1.13 

.222 

5.08 

.125 

53300 

2.28 

1.22 

.240 

5.08 

.136 

61500 

2.12 

1.30 

.275 

4.95 

.157 
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determinations  at  the  former  frequencies  more  carefully  than  the  first 
time,  the  good  agreement  first  obtained  was  found  to  be  accidental,  and 
that  in  reality  V  decreased  steadily  as  the  frequency  was  increased. 


Now  V  s 


must  be  a  constant  for  a  given  material,  so 


this  decrease  in  its  calculated  value  should  not  be  taken  as  an  indi- 


function  of  the  frequency  but  rather  that  the  theory 


upon  which  the  calculation  is  based  is  in  error. 

According  to  XIV  the  velocity  of  a  flexural  vibration 
is  not  a  function  of  the  width  of  the  bar.  In  order  to  investigate 
this  point  three  strips  of  glass  2  cms.  wide,  1.4  cms.  wide  and  1  cm. 
wide  were  cut  frcm  the  same  pane  of  glass.  The  pane  was  so  irregular 
that  the  thickness  varied  from  strip  to  strip,  as  shown  in  Table  XXI. 
The  length  of  each  strip  was  91.6  cms.  A  series  of  determinations  for 
C  and  V  was  made.  As  is  shown  in  Table  XXI  and  Fig.  XXI,  these  are 
both  independent  of  the  width  of  the  strip.  In  all  three  cases,  how¬ 
ever,  V  showed  the  same  decrease  with  increasing  frequency.  To  make 
the  results  for  different  rods  comparable,  V  has  been  plotted  against 
the  ratio  of  thickness  to  wave  length,  .  If  the  calculated  values 
for  V  were  constant  the  points  would  lie  on  a  horizontal  line. 


In  order  to  determine  the  full  extent  of  the  departure 


from  theory,  strips  of  thicker  and  more  uniform  glass  were  obtained. 
The  results  for  these  rods  are  shown  in  Table  XXII  and  Fig.  XXII.  It 
should  be  possible  to  extend  these  curves  to  the  left  by  using  the 
lower  frequencies  or  thinner  rods,  or  both.  At  present,  facilities 
for  measuring  lower  frequencies  are  lacking,  and  thinner  rods  of  glass 
are  not  obtainable.  It  should  also  be  possible  to  extend  the  curves 


to  the  right  by  the  use  of  thicker  rods  or  hi^er  frequencies  ^  both. 
HoweTer,  in  this  direction,  a  difficulty  has  been  met  with  which  seems 
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TABLE  XXII 


Rod 

No. 


4 


Thick¬ 

ness 


OZ55 


Width 


Freq. 

Cyc/sec, 

• 

Transverse 

Velocity 

in 

Cms./sec.  x 

1  M 

10^ 

/  yO 

in 

cras/sec  x 
105 

12500 

4,23 

cnis.  .530 

.1008 

5.26 

.055 

20800 

3.26 

.680 

.130 

5.22 

.072 

29000 

2.76 

.800 

.153 

5.22 

.085 

37800 

2.42 

.908 

.174 

5.21 

.097 

45500 

2.18 

.900 

.192 

5.15 

.108 

53600 

1.99 

1.07 

.209 

5.12 

.118 

61500 

1.85 

1.14 

.225 

5.07 

.127 

68500 

1.75 

1.20 

.237 

5.06 

.134 

77000 

1.63 

1.25 

.252 

4.95 

.144 

922000 

1.48 

1.36 

.278 

4.92 

.159 

106000 

1.37 

1,45 

.398 

4.86 

.171 

113000 

1.33 

1.50 

.305 

4.92 

.177 

116000 

1.32 

1.53 

.308 

4.96 

.178 

135000 

lol9 

1.61 

.338 

4.75 

.198 

141000 

1.17 

1.65 

.342 

4.80 

.201 
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TABLE  XXII 

(cont  M) 

re/ 

Width  Freq 

• 

Transverse 

M 

J 

cl/2^ 

Cyc/sec. 

Velocity 

in 

in 

cms/sec  x 

A 

cms/sec  x  10^ 

10^ 

12500 

4,21  cms.  ,525 

.1007 

5.21 

.0555 

20860 

3.24 

.675 

.130 

5.26 

.0720 

29000 

2.73 

.790 

.153 

5.16 

.0855 

57500 

2*40 

.897 

.174 

5.16 

.0970 

45500 

2*16 

.982 

.192 

5.10 

.1080 

61700 

1*84 

1.135 

.225 

5.05 

.1270 

69200 

1.72 

1.190 

.239 

4.98 

.1360 

76200 

1*63 

1.240 

.252 

4.92 

.1430 

129300 

1.21 

1.570 

.330. 

4*75 

.1930 

173000 

1.02 

1.770 

.384 

4*60 

.2280 

12520 

5*65 

.708 

.136 

5.21 

.076 

20800 

4.32 

.900 

.178 

5.05 

.099 

29300 

3.60 

1.055 

.211 

4.99 

.119 

37500 

3*16 

l.i90 

.239 

4*98 

.135 

45500 

2*84 

1.290 

,264 

4.90 

.151 

61500 

2*40 

1.480 

.308 

4*80 

.178 

138500 

1.46 

2*020 

.470 

4.30 

.293 

143000 

1.44 

2.060 

.475 

4.33 

.297 
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TABLE  XXIII 


Rod 

No. 

Thick¬ 

ness 

Width 

Freq. 

Cyc/sec 

Transverse 
.  Velocity 

in 

A  cras/sec  k  10^ 

M 

/> 

in 

cras/sec  x 
io5 

7 

0-0'3<^S 

0VySrr5 

12500 

1.370 

eras.  .171 

.0482 

3.53 

.0266 

20900 

1.060 

.221 

.0623 

3.54 

.0344 

37700 

.791 

.299 

.0835 

3.57 

.0461 

45500 

.722 

.329 

.0913 

3.60 

.0505 

61500 

.615 

.378 

.1070 

3.53 

.0593 

8 

0^08- 

12900 

3.20 

.412 

.114 

3.60 

.0634 

20550 

2.50 

.516 

.146 

3.54 

.0812 

29000 

2,09 

.606 

.174 

3.48 

.0970 

37500 

1.83 

.686 

.197 

3.48 

.1110 

61500 

1.40 

.860 

.254 

3.38 

.1450 

9 

0  1^3 

JS^ri49 

12650 

2.74 

.347 

.0984 

3.53 

.0545 

20800 

2.12 

.442 

.1270 

3.48 

.0705 

37200 

1.57 

.585 

.1700 

3.44 

.0952 

69500 

1.13 

.782 

.2400 

3.26 

.1320 
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to  be  inherent  in  the  behaviour  of  the  wave.  To  date,  it  has  not  been 
possible  to  obtain  the  distance  between  nodes  when  the  frequency  .^qs  been 
raised  to  a  point  such  that  a  ratio  ofd^v^ greater  than  0.30  might  be  ex¬ 
pected.  The  sand  is  agitated,  but  does  not  become  arrenged  in  any  regu¬ 
lar  fashion.  The  most  obvious,  but  not  necessarily  correct,  conjecture 
is  that  the  wave  does  not  preserve  its  form  long  enough  to  penait  th© 
fomnation  of  standing  waves*  A  special  research  will  be  necessary  in 
order  to  clear  this  point  of  all  undertainty* 

A  similar  series  of  deteiminations  of  the  velocity  of 
flexural  vibrations  in  rods  of  brass  was  taken,  and  calculations  were 
made  for  V,  the  velocity  of  a  longitudinal  vibration  in  that  material. 
These  results  are  shown  in  Table  XXIII  anfl  Fig.  XXII. 

The  results  for  the  thinnest  rod  (No.  7)  all  are  within 
1  ^  of  their  mean  value,  which  may  be  an  indication  that  XIV  is  a  suffi¬ 
ciently  close  approximation  to  fact  for  values  of  less  than  0.06.  It 
should  be  noticed  that  no  results  for  glass  have  been  obtained  for  values 
of  a/>i  less  than  0.06.  For  the  other  rods,  <2//)  is  greater  than  0.06  and 
the  variation  in  V  with  increasing  values  of  is  roughly  similar  to 
that  found  for  glass.  The  points  of  the  curves  for  rod  No.  8  and  rod  No. 

9  do  not  lie  on  the  same  line,  but  this  is  not  surprising  as  two  different 
samples  of  rolled  brass  are  almost  certain  to  have  sli^tly  different 
elastic  properties  produced  in  them  by  the  process  of  rolling,  while  the 
proportion  of  metals  in  the  alloy  may  also  differ  in  the  two  cases* 

The  method  of  rendering  the  nodes  of  displacement  visible 
in  the  experiments  on  rods  suggested  a  second  series  of  experiments,  which 
constitute  one  of  the  easiest  methods  yet  devised  for  demonstrating  visu¬ 
ally  the  properties  of  wave  motion. 

A  sheet  of  stiff  drawing  paper  was  sealed  at  one  point 
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to  the  face  of  the  transniitter  as  shown  in  Fig,  so  that  the  longi¬ 

tudinal  vibrations  in  the  rod  set  up  flexural  vibrations  in  the  paper. 

This  constitutes  a  point  source  emitting  two  dimensional  waves.  Sand  was 
placed  on  the  surface  of  the  paper  and  the  point  was  set  vibrating  at  a 
frequency  of  50000«Vsec.  The  sand  became  arranged  as  shown  in  the  photo¬ 
graph  in  Fig.  HOV-A.  There  are  several  points  of  interest  in  this  arrange 
ment. 


le  The  standing  waves  produced  apparently  are  not  the 
result  of  reflection  from  the  edges  of  the  paper,  as  the  figure  remains  as 
shown  in  the  photograph  regardless  of  the  manner  in  which  the  edge  is  cut. 

2.  But,  assuming  that  the  distance  between  nodes  is 
half  a  wavelength,  we  have  here  the  evidence  of  a  clear  case  of  double  refrac¬ 
tion  of  flexural  waves,  since  the  sand  figures  are  not  circles  but  ellipses. 

This  is  not  surprising  as  the  paper  showed  a  very  pronounced  "grain”  running 

in  the  direction  of  the  long  axis  of  the  sand  figure.  The  ratio  of  the  fast  to 
slow  velocity  is  approximately  10  ;  8. 

3.  The  wave  energy  does  not  seem  to  be  distributed 
uniformly  in  all  directions,  as  the  vibration  in  the  fast  velocity  direction 

was  not  sufficient  to  move  the  sand,  as  is  shown  by  the  absence  of  definite 
arrangement  of  the  particles  on  two  sides  of  the  vibrating  point  source.  This 
may  be  explained  if  it  is  assumed  that  double  refraction  is  really  occurring, 
by  pointing  out  that  the  energy  would  naturally  be  refracted  from  the  axis 
along  which  the  velocity  is  a  minimum. 

A  paper  specified  as  ledger  index  110,  was  then  sealed 
to  the  transmitter  in  two  points  as  shown  in  Fig.  XXIII-E.  The  photograph 
of  the  sand  pattern  obtained  in  this  case  is  shown  in  Fig.  XXIV-B. 

This  shows  a  series  of  ellipses  with  the  ratio  of  major  to  minor  axes 
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about  the  ssune  as  was  obtained  for  the  single  point  source.  Feint  traces 
of  interference  may  be  seen,  but  this  is  much  better  shown  in  Fig.  XXIV-^. 
This  sand  figure  was  obtained  by  sealing  a  sheet  of  glazed  paper  19”  x  25" 
to  the  transmitter  in  two  points  as  before.  The  pattern  due  to  interfer¬ 
ence  is  of  the  type  indicated  by  the  curve  AB,  The  same  sort  of  standing 
wave  pattern  is  formed  about  each  point  as  in  the  previous  case,  but  here 
the  ellipses  are  very  nearly,  but  not  quite,  concentric  circles.  The 
"grain"  of  this  paper  was  imperceptible,  and  so  double  refraction  was 
not  expected. 

In  order  to  obtain  a  two  dimensional  representation 
of  an  ultrasonic  beam,  a  sheet  of  Ledger  Index  110  was  sealed  at  one  edge 
to  the  transmitter  and  the  resulting  sand  figure  obtained  as  shown  in  Fig. 
XXIV-D.  Due  to  damping,  only  that  part  of  the  beam  near  the  transmitter 
was  sufficiently  strong  to  move  the  sand.  However,  several  points  of 
interest  appear® 

1.  The  standing  wave  system  shown  is  not  due  to 
reflection  from  the  edge  of  the  paper  opposite  the  transmitter,  as  the 
cutting  and  tearing  of  that  edge  in  various  ways  had  no  effect  on  the  sand 
figure  shown. 

2.  Two  distinct  standing  wave  systems  are  produced. 
One,  inside  the  lines  AB  and  CD  (Fig.  XXIV-D),  and  the  other  outside  the 
lines  and  differing  in  phase  with  the  first  by  a  quarter  of  a  wave  length. 

For  comparison,  a  photo  of  the  visualization  of  an 
ultrasonic  beam  in  water  is  shown  in  Fig.  XXIV-E.  This  photo  was  obtained 

by  a  method  described  by  Boyle,  Lehmann  and  Reid. 

In  summary,  the  wofk  on  flexural  vibrations  has  shown 

1,  That  for  waves  such  that  the  ratio  of  thickness  to 
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wave  length  <3/;,  is  greater  than  0.06.  the  expreeoion  riven  by  Lamb  for 
the  velocity  of  a  transverse  wave  requires  correction.  It  has  been 
suggested  by  Lamb.  Love  and  others,  that  a  correction  for  rotatory  in¬ 
ertia  would  be  required  for  large  values  of  ai ^  ,  but  no  indication  has 
previously  been  given  as  to  how  large  the  ratio  would  be  before  the  cor- 
rection  would  be  required* 

2®  It  is  probable  that  theory  is  In  agreement  with 

e  icpcr.  nr^en  t 

for  waves  such  that  3/}^  is  less  than  0.06.  Further  investigation  of 
this  point  is  necessary. 

3.  It  is  probable  that  harmonic  waves  cannot  be 

propagated  without  change  of  type  in  a  rod  is  greater  than 

0.3. 

4.  Experiments  on  the  visualization  of  wave  pheno¬ 
mena  making  use  of  the  transverse  vibration  here  described  may  readily  be 
conducted  at  ultrasonic  frequencies  using  materials  that  are  readily  avail 
able. 

5.  New  fields  of  investigation  have  been  opened  up 
e.g.  the  correction  of  classical  theory  on  the  propagation  of  flectural 
vibrations  in  bars,  the  formation  of  a  flectural  standing  wave  system 
without  any  apparent  reflector,  and  double  refraction  of  flectural  vi¬ 
brations  in  non -homogeneous  materials. 

In  conclusion,  the  wi^iter  wishes  to  express  his 
gratitude  to  the  National  Research  Council  for  the  award  of  a  Bursary 
which  has  made  it  possible  for  this  work  to  be  carried  out,  and  to  thank 
Dr.  R.  W.  Boyle  for  suggesting  the  problem  dealt  with  in  Parts  I  end  II 
of  this  paper  and  for  the  valuable  advice  and  thou^tful  direction  which 
he  has  so  freely  given  throughout  the  entire  investigation. 
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APPENDIX 

Two  types  of  transmitter  were  eii5)loyed  In  Parte 
I  and  II  of  this  work  and  a  third  type  in  Part  III.  Several  points  aris¬ 
ing  out  of  their  behaviour  merit  brief  mention  here. 

One  of  the  types  used  in  Part  I  possessed  no  new 
features.  It  consisted  essentially  of  two  steel  plates  1.065  cms.  thick 
and  28.5  cms.  in  diameter  with  a  mosaic  of  quartz  between  than.  The  whole 
was  sealed  as  usual  in  a  metal  container  so  that  one  face  only  was  exposed. 

The  manner  of  sealing  and  the  precautions  to  be  observed  in  making  trans¬ 
mitters  for  different  purposes  has  been  dealt  with  by  Boyle^^^  The  fun¬ 
damental  frequency  was  about  74,000  cycles  K/seo.  The  next  resonant  fre¬ 
quency  was  about  299,000  cycles^/sec.  while  the  next  was  at  550,000  cycles 
'^/sec.  This  departure  from  the  harmonic  relation  between  succeeding  modes 
of  vibration  has  frequently  been  noted  in  the  case  of  double  plate  trans¬ 
mitters.  However,  the  approximation  to  the  harmonic  relation  is  sufficiently 
close  to  warrant  the  above  resonant  frequencies.  That  is,  of  all  the  natural 
modes  of  vibration  of  the  plate,  those  excited  are  the  ones  for  which  the 
quartz  is  at  a  node  of  displacement. 

The  second  type  of  transmitter  involved  three  steel 
plates  and  two  quartz  mosaics.  One  of  the  steel  plates  was  2.12  cms.  thick 
the  other  two  were  the  ones  employed  before,  1.065  cms.  thick,  i.e.  half  the 
thickness  of  the  centre  plate.  These  plates  were  arranged  as  shown  in  Fig. 
XXV-A. 

The  faces  of  each  quartz  mosaic  are  differentiated 
by  the  fact  that  a  given  compression  produces  a  positive  charge  on  one  face 
and  a  negative  charge  on  the  other.  The  disposition  of  the  positive  and 
negative  faces  with  respect  to  the  steel  plates  is  immaterial  in  the  case 
of  the  double  plate  transtEitter ,  but  in  the  case  here  considered  it  becomes 
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a  factor  of  considerable  importance,  as  the  phase  relationship  of  the  dla- 
turbance  from  each  plate  of  quartz  depends  on  tlie  relative  position  of 
the  positive  and  negative  faces.  The  manner  of  connecting  the  steel 
plates  to  the  oscillating  circuit  also  alters  the  phase  relationship  so 
that  with  a  given  set  of  quartz  and  steel  plates  the  following  four  ar¬ 
rangements  are  possible. 

I.  Positive  quartz  faces  toward  the  centre.  The 
two  outside  steel  plates ^to  one  side  of  the  oscillating  circuit  and  the 
centre  steel  plate  to  the  other  terminal, 

II.  Positive  quartz  faces  toward  the  centre.  Oscil¬ 
lating  circuit  to  the  two  outside  steel  plates. 

III.  One  negative  and  one  positive  face  of  quartz  plate 
toward  centre.  The  two  outside  steel  plates  to  one  terminal  and  the  centre 
steel  plate  to  other, 

IV.  Quartz  faces  as  in  III,  One  terminal  of  oscillator 
to  each  of  the  two  outside  steel  plates.. 

these  four  cases  will  be  referred  to  as  "arrange¬ 
ment  I**  -  "arrangement  II”,  etc* 

Experiment  showed  that  with  arrangement  I  the  total 
thickness  is  /2  ,  3/2/^  for  the  first  two  modes  of  vibration 

Arrangement  II  indicated  that  the  plates  come  into 
resonance  at  frequencies  such  that  the  total  thickness  corresponded  to  ^  of 
3>i  . 

Arrangement  III  -  same  as  II, 

Arrangement  IV  -  seme  as  I. 

Incidentally,  an  interesting  example  of  interference 


was  noted. 


With  the  transmitter  assembled  according  to  arrange¬ 


ment 
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ment  III,  a  test  for  resonance  was  carried  out  at  the  frequency 
(46,000  cycles/sec.)  at  which  the  total  thickness  of  the  plates  was 
about  ;\/2,  No  sign  of  resonance  could  be  detected,  whic/^as  thought 
to  be  due  to  the  existence  of  internal  interferences.  In  order  to 
verify  this  opinion,  one  outside  steel  plate  wa^hort  circuited  to  the 
centre  plate,  thus  rendering  one  of  the  quartz  plates  inactive,  and  so 
incapable  of  causing  interference.  Vigorous  vibration  resulted,  due 
to  the  unimpeded  action  of  the  remaining  plate. 

For  the  above  transmitters  the  resonant  frequen¬ 
cies  occur  at  intervals  of  over  100,000 -«//sec .  This  is  a  decided  dis¬ 
advantage  in  conducting  experiments  demanding  the  use  of  a  range  of  fre¬ 
quencies  at  intervals  of  say  1,000  or  10,000  cycles  per  sec.,  as  it  necessi¬ 
tates  the  construction  of  a  large  number  of  different  transmitters, 

^t  was  possible  to  overcome  this  difficulty  for 
the  experiments  in  part  III  by  the  use  of  a  transmitter  composed  of  two 
duralumin  rods,  each  30.5  cms.  long  and  1.9  cms.  in  diameter,  sealed  with 
sealing  wax  to  each  side  of  a  quartz  plate  0.2  cms.  thick.  The  fundamental 
frequency  of  such  an  arrangement  is  about  4,000  ^«-^/sec.  and  the  succeeding 
resonant  frequencies  occur  at  intervals  of  about  twice  the  fundamental. 

This  interval  becomes  less  for  succeeding  modes  of 
vibration,  as  has  been  shown  by  Boyle  and  Sproule^  in  an  investigation  of 
the  effect  of  later  inertia.  By  the  use  of  rods  twice  as  long  the  inter¬ 
val  between  successive  resonant  frequencies  could  be  reduced  to  4,000'^/sec. 
The  use  of  rods  much  longer  than  this  is  probably  not  practicable,  due  to  the 
effect  of  damping  and  the  transfer  of  the  energy  of  the  longitudinal  vibra¬ 
tion  into  flexural  vibration4 
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